Introduction
The sharpness of a cutting instrument is an important parameter to consider in all cutting applications because it strongly influences the mechanics of cutting, life of the cutting edge and surface finish or quality of the cut surface. A number of studies in diverse areas such as surgery [1, 2] , meat processing [3, 4] and manufacturing [5, 6] have used the term sharpness to describe the performance of a cutting instrument. However, in these papers the definition of sharpness has differed significantly. For example, in [1] [2] [3] sharpness was identified by the amount of force (i.e. maximum, initial etc.) exerted by the cutting instrument (blade) during a cutting trial, while in [5, 6] it was defined by the radius of the cutting edge.
There is, as yet, no standard definition, measurement or protocol to quantify the sharpness of a cutting instrument, due to the complexity and diversity of the variables associated with cutting edge profiles [7] . This issue is being investigated by the authors [8] who are examining the cutting of biomaterials with surgical instruments such as scalpel blades and osteotomes. There are two aspects to this, the first being an investigation into factors affecting the cutting process using experimental and finite element techniques, with the aim of deriving a sharpness metric. The second, collaborative strand [9, 10] , involves developing a novel non-contact device to measure the sharpness of straight edge blades. This present paper is concerned with the first aspect of this project, i.e. an investigation of the cutting process and the derivation of a sharpness metric. An experiment and finite element model used to examine the cutting process are described.
Problem Description
The objective of this study is to establish a suitable parameter for quantifying the sharpness of a surgical blade. The approach taken is to force a surgical blade through an elastomeric substrate and observe the forces generated. A 2 mm thick polyurethane rubber sheet with a Shore hardness of 40a was chosen as the substrate material and will subsequently be referred to as the substrate material. The blade chosen for the study is a Swann-Morton No. 16 straight surgical scalpel blade. The Finite Element (FE) model is constructed in the non-linear FE code ABAQUS [11] .
After, the experimental results are presented a suitable measure of blade sharpness is defined. Next, the development of the finite element model, including the characterisation of a non-linear material model is described. The FE model is then validated against the experiments. Finally, the FE model is used to examine the stress state in the elastomer at the point where the cut initiates.
Experimental Cutting Tests
An experiment was carried out to examine the forces generated when cutting the substrate with a scalpel blade. A test rig was designed, manufactured and fitted into a Tinius-Olsen universal testing machine, and is shown in Fig. 1 . The lower part held the substrate material tightly between two anti-buckle guides while the upper part held the scalpel blade and handle and was attached to the moving cross-head of the testing machine. Not that no pre-stress was applied to the rubber substrate. The blade was pushed through the substrate material at a quasi-static rate of 5 mm/min and the reaction force was measured by the load cell mounted above the blade clamp. The blade displacement was measured using an extensometer. For repeatability, three tests were performed with a new blade being used for each test. The resulting load-deflection curves are shown in Fig. 2(a) . As can be seen, the curves rise in a nonlinear manner to approximately 2 mm blade displacement. The three tests are in good agreement up to this point. The curves then deviate but remain linear until about 12 mm blade displacement. Again, good agreement between the tests is obtained with small differences in stiffness observed. After 12 mm blade displacement the curves become non-linear and oscillate around the 30 N load level.
To examine the characteristics of the cutting process the slope of each test in Fig. 2 (a) is plotted as a function of blade displacement in Fig. 2 (b). These curves highlight some interesting features of the cutting process. Firstly, the stiffness rises linearly up to 2 mm blade displacement, at which point the curves become essentially constant. From a separate test in which the blade was progressively lowered in 0.1 mm increments and then retracted to allow the substrate to be examined, it was found that the point where the stiffness curve becomes constant (i.e., point A in Fig. 2(b) ) corresponds to the point were a cut initiates in the substrate. The curves remain constant until approximately 7.5 mm blade displacement and then start to reduce. This point represents the Fig. 2(a) ).
(a) Load-Deflection Curves (b) Stiffness Curves 
Blade Sharpness Measurement
It is postulated that the energy required to initiate a cut in the substrate could be used as a measure of blade sharpness. To examine this, the cutting energy, E, was determined from Fig. 2(a) by integrating the load deflection curve using the following equation:
where: F i and x i are the force and displacement at experimental data point i, x o is the displacement where the force just starts to rise, δ is the blade displacement at which the cut initiates and was determined from Fig. 2 (b) as 2 mm and N is the total number of data points up to 2 mm displacement. Table 1 shows the results for the cut initiation energies from the tests. As can be seen good agreement between each test was obtained, which was due to using a new blade for each test. 
Finite Element Model
The FE model of the experiment is shown in Fig. 3(a) . Due to symmetry, only half the blade and substrate were modelled. To capture the near singular stress state under the blade tip a very fine mesh (not shown) was used to discretise the substrate. A state of plane stress was assumed and hence fully integrated plane stress elements (CPS4) were used for the substrate. To simulate the support plate and anti-buckle guides, two sides of the plate were fixed (i.e. displacements u and v = 0), as shown. A symmetry boundary condition was used to enforce symmetry along the left edge of the model. As with the experiment the remaining edge was free to displace. The geometry of the blade was determined from micrographs as shown in Fig. 3(b) and was modelled using a rigid contact body, as shown in Fig. 3(c) . To avoid applying point loads, the blade tip was rounded with a radius of 10 µm. The motion of the blade was specified via a contact control node. 
Material Model
To model the non-linear behaviour of the elastomeric substrate an Ogden [12] strain energy density function was employed. The material used in this study was assumed to be incompressible and the corresponding form of the Ogden strain energy density function, W, is:
[ ] where true σ is the true or Cauchy stress. Uni-axial tensile tests were performed on the substrate and a result is shown in Fig. 4 . Non-linear regression was used to fit Eq. 5 to the experimental result and a good fit was obtained with To test the suitability of the derived material constants, a single element plane stress FE model was constructed. Boundary conditions that enforced a uni-axial stretch were applied and the resulting Cauchy stress is plotted in Fig. 4 . As can be seen close agreement with the experiment was obtained, thus providing confidence that the material model, finite element type and solver were behaving accurately. The one element model was also used to examine the compressive (0 < 1 < λ ,
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Damage Assessment of Structures VI shown in Fig. 4 ) and equi-biaxial (
, not shown) deformation modes. Currently, tests are being performed to verify the material model in these deformation modes. 
Surface Interaction Model
An important aspect of the model was to correctly account for surface interaction between the blade and substrate. As large displacements were expected in the substrate, a finite sliding contact algorithm which allows for arbitrary separation, sliding and rotation between surfaces was used.
Friction between the blade and substrate was introduced using the following exponential law:
where k µ and s µ are the kinetic and static coefficients of friction respectively, d is a user defined decay coefficient and γ& is the slip rate between the two surfaces. It is outside the scope of this work to measure the coefficient of friction between the blade and substrate and so it was estimated as s µ = 0.3, k µ =0.25 and d = 0.9.
Model Validation
To validate the proposed model, the deformed shape and load-deflection response are compared to the experiment. The blade displacement level chosen for comparison is 2 mm, i.e. at the point where the "cut" just initiates. A full field view of the deformed shape is shown in Fig. 5 . It can be seen that the deformation characteristics in the model are very similar to the experiment. To provide a more quantitative comparison, the vertical displacement of the top edge for the experiment and model was plotted as shown in Fig. 6 . Good agreement between the model and experiment is seen. Fig. 7 shows the load-displacement plots from the model and experiment. Again, good agreement is obtained. However, the experiment is less stiff than the model, which was due to some slipping of the substrate in the grips (the model assumed a perfectly clamped boundary, see Fig. 3 ). In summary, the proposed model was considered to have been validated and sufficiently accurate to proceed with examining the stress state at the on-set of cut formation. 
FE Results
Firstly, the blade sharpness from the model was determined from Fig. 7 using Eq. 1 as 3.73 Nmm. This is only a 3% overestimation of the average experimental value of 3.62 N-mm (see table  1) .
A drawback with determining a sharpness measurement from the model is that the cut initiation displacement (i.e. δ in Eq. 1) has to be determined experimentally. To avoid this pitfall, the validated model is used to examine the stress state in the substrate at the onset of the cut formation
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Damage Assessment of Structures VI (i.e. a blade indentation of 2 mm) so as to determine a failure stress level. The path for plotting the stress is shown graphically in Fig. 8(a) . Fig. 8(b) shows the von-Mises stress distribution in the substrate under the blade tip (along the path shown in Fig. 7 ). It should be noted that the blade tip radius is 10 µm. As can be seen, the von-Mises stress directly under the blade tip (i.e. x = 0) is approximately 12 MPa, which is considerably lower than the failure stress for this material (the failure stress was determined from Fig. 4 as approximately 44 MPa.). However, the stress rises sharply directly below the substrate surface, reaching a peak of approximately 34 MPa (which is closer to the failure stress in uni-axial tension) only 0.01 mm away from the blade tip, before falling off again. This stress state suggests that failure would initiate below the substrate surface. This peak failure stress of 34 MPa will be used to evaluate the sharpness of other blade profiles using the developed model and this will be reported on in a later publication. 
Conclusion
An experiment was carried out in which a surgical scalpel blade was pushed through an elastomer at a constant velocity. The force-displacement characteristics were examined by plotting the stiffness as a function of blade displacement and it was found that this curve could identify the point where a cut initiates in the substrate. A measure of blade sharpness was defined as the energy required to initiate this cut. This sharpness measure may be useful to other researchers for examining the quality of blades or wear on blades.
A finite element model was constructed to examine the stress state in the substrate at the point where the cut initiates. By comparing deformed shape and load-deflection characteristics, the model was successfully validated against the experiment. The von-Mises stress distribution directly under the blade tip was examined and it was shown that the peak stress in the substrate actually occurs ahead of the blade tip. This suggests that the cut would initiate within the substrate and not at the surface. It was found that the peak von-Mises stress at cut formation was 34 MPa (which is less that the uni-axial strength of the material) and this value will be used to compare and assess the sharpness of other blade profiles.
